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Abstract
Severe sticking occurs in the hot rolling of ferritic stainless steel B445J1M. The
characteristics of the oxide scale on the steel in hot rolling are associated with this
phenomenon. The tensile failure of the oxide scale formed on the steel B445J1M was
investigated by using a Gleeble 3500 thermo-mechanical simulator over temperature range
from 1000 to 1150 °C in humid air. Two passes hot rolling were carried out on a 2-high Hille
100 experimental rolling mill. The results show that the temperature is a significant factor for
the formed thickness of the oxide scale and its failure in tensile stress. On the specimen
before hot rolling, irregular spinels are extruded from the surface of a thin oxide scale with
Cr2O3 as its main component, which are hard and brittle at lower rolling temperature.
Keywords: steel; high temperature; sheet rolling; rolling friction; surface topography; surface
analysis

* Corresponding author. Tel: +61 2 42214545; Fax: +61 2 42215474.
Email addresses: jiang@uow.edu.au (Z. Jiang), jwzhaocn@gmail.com (J. Zhao)

1

1. Introduction
Sticking often occurs in hot rolling of stainless steels. The sticking of bare metal to roll
surfaces was strongly dependent on the high temperature tensile strength and the oxidation
resistance of the stainless steel [1]. It is more difficult for oxide scale to be generated on the
surface of stainless steels than that on the surface of carbon steels during high rolling
temperature [2, 3]. Sticking refers to a phenomenon occurring in hot rolling process in which
fragments of a rolled material are detached and get stuck onto a work roll surface,
deteriorating not only the surface quality of the product, but also the rolls, which will result in
shorter intervals of roll replacement or grinding [4, 5]. A sticking occurrence was more
sensitive for the steels containing more chromium [6]. Fig. 1 shows the surface of high speed
steel (HSS) roll after the sticking occurs during rolling stainless steel grade B445J1M. The
B445J1M steel has high oxidation resistance in the reheating environment [2]. The HSS rolls
shown in Fig. 1 were ground before hot rolling. The surface of the roll had circumferential
scratch grooves after the sticking took place. These defects were appeared across the roll but
more significant on where was close to the strip edges. This is caused by abrasion during the
contact of the roll and the strip. Jin et al. [6, 7] and Ha et al. [1, 8, 9] have intensively
investigated the sticking mechanism. For the rolled materials, the tensile strength and the
oxidation behaviour of the materials affect the sticking in hot rolling.

In general, the water vapour contents between 7.0 and 19.5 vol. % in humid air are
considered relevant to hot rolling [10]. In fact, the time intervals for oxidation of the hot steel
strip are from half a second to about 30 s in the finishing stands of a hot strip mill [11, 12].
Because of high-temperature and high speed nature of hot working in- situ observation is
extremely difficult. As the stock enters the roll gap, it is drawn in by frictional contact with
2

the roll, which is moving faster than the stock surface at entry. This produces a longitudinal
tensile stress in the stock surface ahead of contact with the roll [13, 14]. The oxide scale can
have transvers cracks or delamination by the tensile stress[14, 15]. The failure of the oxide
scale on the steel stock in tensile stress displays the characteristics of the oxide scale before it
enters the roll gap.

A novel design in Gleeble-3500 thermo-mechanical simulator chamber which can perform
short time oxidation by controlling atmosphere and time was completed. Because of the
capability of the Gleeble 3500, tensile tests can be carried out at different temperatures. In
this paper, short time oxidation and tensile tests were carried out by the Gleeble-3500
thermo-mechanical simulator in a humid air that simulated the environment in the finishing
mill during hot rolling of stainless steels. The effect of hot rolling temperatures and
lubrication on the characteristics of the oxide scale of the steel B445J1M in hot rolling was
investigated. The morphology of the oxide scale features of the strip before and after rolling
was analysed. Deformation behaviour of the oxide scale and its effects on friction were also
examined.

2. Experimental details
2.1. Material and specimen geometry
The chemical composition of the ferritic stainless steel B445J1M is shown in Table 1. The
material used in the experiment was adopted from heat treated hot rolled strip. Fig. 2a shows
the size of the specimen for the short time oxidation and tensile tests, and Fig. 2b shows the
size of the specimen for the hot rolling test. In order to help bite the specimen, the sloping
3

front was machined. The surface of the specimens was ground and the measured surface
roughness Ra is 0.25 µm. Each specimen was rinsed with acetone before testing.
2.2. Short time oxidation and tensile tests
Fig. 3 shows the set-up of Gleeble-3500 thermo-mechanical simulator system for performing
the oxidation and tensile tests. Each specimen was spot-welded with a thermo-couple on the
middle of the surface. The Gleeble 3500 chamber was at first evacuated to 30 m Hg after the
specimen was mounted into the system, and then argon was released into the chamber to 1
o

atm air pressure. The specimen was then heated to the setting temperature at a rate of 20 C/s
and held for 30 s to achieve a uniform temperature. Argon flow was switched off while water
vapour and air were released and kept flowing into the Gleeble chamber in 2.5 x 10-4 m3/s for
180 s. Tensile tests were carried out at the stain rate 0.2 or 4 at the elongation of 20 %. At the
end of tensile test, argon flow was switched on to stop any further oxidation. The sample was
cooled to room temperature at a rate of 10 °C/s.
2.3. Hot rolling test
Hot rolling experiments were designed for two passes rolling, which carried out on a 2-high
Hille 100 experimental rolling mill with rolls of 225 mm diameter and 254 mm roll barrel
length. Rolling force can be measured by load cells equipped on the mill. Rolling speed can
be set from 0.12 to 0.72 m/s. By considering the roll speed in the real industry is far faster
than that in the laboratory, in this study, the rolling speed was kept as 0.72 m/s. The reduction
of 30 % was selected. Reheating was carried out in a high temperature electric resistance
furnace with a chamber size of 350(W) ×330(H) ×870 (D) mm3. The reheating temperature
was 1100 °C and the reheating time was 120 min for the first pass rolling. The reheating
4

temperature was 1050 °C for the second pass rolling, and the furnace chamber was full of
nitrogen, in this way, to prevent oxidation and to keep the oxide scale as it was after the first
pass rolling. The reheating time was only 15 min for the second pass rolling.

The specimens were first dry rolled at 1050 and 950 °C respectively. The second pass rolling
was carried out 50 °C lower than that of the first pass. This method was to obtain the same
thickness of the oxide scale on the specimens, but was rolled at different temperatures. The
lubrication of hot rolling was also employed in which the emulsion of 0.5 % hot rolling oil
was applied to the rolls when the specimen was rolled at 1050 ºC for the first pass and at
1000 ºC for the second pass.

All the specimens were placed immediately in a cooling box with nitrogen after rolling to
prevent further oxidation.
2.4. Analysis and observation
The surfaces of the small and the rolled samples were covered with the mixture of epoxy
resin and catalyst to protect the oxide scale for the further process. After 24 hours the resin
coagulated, and then the protected oxide scale part was sectioned along the rolling direction
by Stuers Accutom50 Cutting Machine to obtain the cross section of the oxide scale. Finally,
the oxide scale sample was cold mounted, ground and polished and then etched for
metallographic examination. To analyse oxide scale cross-section, all oxidised samples were
prepared using a technique reported by Chen and Yuen [16] to minimise preparation damage
to the oxide scale.
5

The microstructures, composition and thickness of the oxide scale were examined by JEOL
JSM 6490 scanning electron microscope (SEM) equipped with an Energy Dispersive
Spectrometer (EDS). The surface profiles were examined by digital microscope VHX-1000
with 2D/3D imaging and measurement capability. Topographic features of the thin oxide
scale surface were examined using atomic force microscope (AFM) before rolling. X-ray
diffraction was used for the phase identification of the oxide scale.
3. Results and discussion
3.1. The morphology of the oxide scale in the short time oxidation and tensile tests
The surface morphology of the oxide scale after short time oxidation and tensile tests were
examined using digital microscope VHX-1000. Fig. 4 shows the crack patterns of the oxide
scale. The horizontal direction is the elongation direction. Fig. 4a1 and a2 show the surface
morphologies at 1000 ºC at a strain rate of 0.2 and 4 s-1 respectively. No oxide scale
spallation was observed. There are very dense cracks on the surface, and bright yellow steel
substrate can be seen in the cracks, indicating a very thin oxide scale. Fig. 4b1 and b2 show
the surface morphologies at 1050 ºC at different strain rates. No oxide scale spallation was
observed. Dense oxide scale cracks (lighter colour) were observed. The oxide cracks appear
narrower at the high strain rate than that at the low strain rate. Fig. 4c1 and c2 show the
surface morphologies at 1100 ºC at different strain rates. No oxide scale spallation was
observed. The oxide scale cracks (lighter colour) are obviously less than those at 1000 and
1050 ºC, especially at the strain rate of 4 s-1. Fig. 4d1 and d2 show the surface morphologies
at 1150 ºC at two different strain rates. No oxide scale spallation was observed. The oxide
6

scale cracks can be seen but the colour is darker, and oxide scale cracks display less dense
than those at lower temperatures. The oxide scale cracks appear narrower at the high strain
rate.

The tensile failure of tertiary oxide scale is similar at different temperatures. There is no
delamination or draft of the oxide scale showing that the oxide scale adheres to steel substrate
during tensile loading, even after larger strain. The thin scales are compact without pores in
the oxides at different temperatures. The through-thickness cracks of the oxide scale in tensile
stress between 1000 and 1150 °C indicate that the Cr2O3 scale is more brittle than the steel
substrate. However, the decrease in crack density shows less fracture of the oxide scale and
the improvement of the scale ductility with increasing temperature. The difference of the
oxide scale crack in higher strain rate indicates that the mechanical property of the Cr2O3
scale is strain rate dependent, which is like some ceramics, for instance, Al2O3, Fe2O3, FeO,
at high temperatures [17, 18].

Fig. 5 shows the oxide scale thickness of the specimen oxidised for 180 s at different
oxidation temperatures in air containing 18% water vapour. The oxide scale thickness
increases with increasing temperature. At 1000 ºC, the oxide scale thickness is less than 0.5
µm. At 1050 ºC, the oxide scale thickness is about 1 µm, which is twice the thickness of the
oxide scale at 1000 ºC. At 1150 ºC, the oxide scale thickness is nearly twice than that at 1050
ºC.

7

Fig. 6a-d show the cross section of the specimens oxidised for 180 s at different oxidation
temperatures in air containing 18% water vapour. The specimens were sectioned along the
elongation direction. It can be seen that the oxide scale adheres to the steel substrate at
different oxidation temperatures under the tensile stress. The oxide scale is compact and it is
constituted of Cr2O3. The black islands underneath the Cr2O3 scale are enriched in Si. Some
researchers have concluded that SiO2 formed at the metal-scale interface acts as a diffusion
barrier which can reduce the rate of penetration of oxygen and also pegs the chromia scale
onto the substrate [19, 20]. Fig. 6d shows a very thin oxide scale formed in the oxide scale
cracks even with the protection of argon when the specimen was cooled down, indicating that
there is an air residue and the exposed steel substrate can quickly form a thin Cr2O3 scale at
1150 °C.

The sticking phenomenon of the ferritic stainless steel is significantly affected by the
distribution and volume fraction of oxides present on the steel surface [8]. Ha et al. [9]
investigated the temperature effect on the sticking behaviour. The sticking is more likely to
occur at the temperature range in which the rolled steel is soft with low tensile strength, and
also little amount of oxide scale is on the surface. The work of Jin et al. [6] indicated that
there was a critical oxide scale thickness (about 3.0 µm) in the suppression of the sticking
phenomenon. The thicker oxide scale is desirable. This steel grade B445J1M displays very
strong oxidation resistance more than other ferritic stainless steels, like SUS 430 [21, 22].
The thickness of the oxide scale is less than 2 µm at 1150 ºC for 180 s in a humid air. Chen et
al. [12] has studied the short time oxidation behaviour of low carbon and low silicon steels.
The oxide scale thickness already reaches 75 µm on the sample oxidised at 1100 ºC for 42 s.
8

It can be concluded that the oxide scale is barely generated on B445J1M in a short time
oxidation when the temperature is below 1000 ºC. The oxide crack patterns at different
temperatures illustrate that more steel substrate will be exposed at lower temperatures under
tensile stress. This indicates the sticking is more likely to occur at 1000 ºC than that at or
above 1050 ºC. On the other hand, the oxide scale formed on B445J1M is not thick enough to
prevent the sticking, therefore, the descaling process before the finishing rolling is not
necessary.
3.2. Morphology of oxide scale before hot rolling
Fig. 7a-d shows the micrograph, the XRD patterns and topography of the oxide scale formed
on the surface of the B445J1M steel oxidised at 1100 ºC for 120 min before hot rolling. Fig.
7a shows the surface morphology of the oxide scale. Some coarse hexagonal spinel
crystallites are embedded in the fine chromia scale matrix. A conventional diffraction meter
operating with Cu-Kα radiation was used for X-ray analysis by applying the step method with
a constant counting time per step. The step method involves 0.02° steps and a counting time
of 4 s at each step. Fig. 7b shows that the oxide scale is composed of Cr2O3, spinel M3O4, and
little amount of TiO2. M might be Cr, Mn, and/or Fe because of the similar ionic radii of Cr,
Mn, and Fe [23]. The spinel is identified as (Mn, Cr)3O4 by EDS analysis. Fig. 7c shows the
topographic 3D image of the oxide scale surface. Tetrahedral spinel oxide crystals were
observed on the external surface. The spinels are with general formulation AB2O4 which
crystallise in the cubic crystal system, with the oxide anions arranged in a cubic close-packed
lattice and the cations A and B occupying some or all of the octahedral and tetrahedral sites
in the lattice. The charges of A and B in the prototypical spinel structure are +2 and +3,
respectively. Cr2O3 has a corundum structure. The corundum structure consists of an hcp
9

array of oxygen with two-thirds of the octahedral sites occupied by the metal [26-28]. The
size of some spinels can reach 5 µm and some spinels are extruded from the surface,
displaying the sharp edges. Fig. 7d shows the location A in Fig. 7c.

Fig. 8 shows the EDS element maps of B445J1M oxidised for 120 min at 1100 °C. The oxide
scale is made up primarily of Cr, indicating that the main composition is Cr2O3. Mn
distributes across the oxide scale, showing high intensity at the interface of gas-scale. This
indicates the spinel (Mn,Cr)3O4. Si segregates at the interface of metal-oxide scale where the
black islands underneath the Cr2O3 are.
3.3. Morphology and surface roughness of oxide scale after hot rolling
Fig. 9 shows surface morphology of the deformed oxide scale under two passes rolling. Fig.
9a and b show the same specimen rolled at 1050 and 1000 °C. There are transverse oxide
scale cracks on the rolled surface, some of the oxide scale is fragmented and some tetrahedral
spinel crystallites can be seen, but less in amount at the second pass. These SEM micrographs
reveal that the surface with spinel crystallites is hard and lacks of plasticity. The exposed
substrate between the oxide cracks is oxidised, but the thickness of the oxide scale will be
significantly dependent on the temperature (Fig. 5). At the second pass, the spinel becomes
brittle at a lower temperature and is broken by the rolls under the load. Fig. 9c and d show the
same specimen rolled at 950 and 900 °C. In Fig. 9c, there are transverse oxide scale cracks,
and the surface is similar to that in Fig. 9b. The spinel is more likely to be broken at the lower
temperature under the high load. At the second pass, Fig. 9d shows that no spinel crystallite is
observed.
10

Fig. 10 illustrates the longitudinal cross section of the oxide scale before and after the
deformation. The thickness of the oxide scale before rolling is approximate 6.3 µm. Fig. 10a
and c show that the thickness of the oxide scale decrease more at 1050 °C, and more oxide
fragments are observed at 950 °C, indicating that the oxide scale exhibits the better ductility
at higher temperature and the brittleness at a lower temperature. Fig. 10b and d show
specimen at the second pass that were rolled at 1000 and 900 °C respectively. The interface
of steel/oxide is rougher at the lower rolling temperature.

Fig. 11 shows the surface morphology and longitudinal cross sections of the specimen that
were rolled at 1050 ºC for the first pass and at 1000 ºC for the second pass with emulsion.
There are transverse oxide scale cracks but the crack gap is smaller than that without
emulsion. Similar to dry hot rolling, the oxide scale is fragmented, but the uniformity of the
oxide scale and steel/oxide interface are better than that in the dry hot rolling.

Fig. 12 shows oxide scale thickness after hot rolling. The steel/oxide interfaces are rough in
all rolling conditions, and causing big standard deviation of the oxide scale thickness for the
measurement. The oxide scale was fragmented and was indented to the matrix steel. This
characterisation of the oxide scale is attributed to its hard and brittle properties [24].
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Surface roughness of the stainless steel sample after hot rolling test was measured using
Hommel Tester T1000 wave. The vertical resolution is 0.01 μm. The sampling length is 0.8
mm and the evaluation length is 5 sampling length. The roughness was measured along the
rolling direction on the surface without oxide scale cracks and at least repeated 5 times. Fig.
13 shows the relationship between the surface roughness and the rolling temperature and
passes. Ra is the arithmetic average of the absolute values of the roughness profile ordinates.
Ry is a maximum height of the profile. RPc is the peak Count, which is always used in sheet
metal industry to measure quality of surfaces subjected to bending, forming and painting, and
where appearance is critical.

When the specimen is firstly rolled at 1050 °C, the surface roughness Ra is lower than that at
950 °C. At the second pass, the surface roughness Ra declines and lowest surface roughness is
achieved with lubrication. The surface roughness Ra increases at the second pass when the
specimen was firstly rolled at 950 ºC in dry condition. Ry increases when the specimens were
rolled at the second pass in dry rolling condition, but Ry decreases at the second pass when
the specimen was first rolled at 1050 °C in lubrication condition. RPc decreases at the second
pass in all cases. The sample that was rolled at 1050 ºC in lubrication condition exhibits the
lower surface roughness at the first and second pass.

The surface of an oxidised hot steel strip is reported to be rough [25]. The oxide scale may be
depressed deeper into the strip surface and the hot metal is extruded outward to fill the void
between the oxide scale cracks, thus a rougher surface is generated [26]. The roughness
12

values of the steel surface increase with an increasing coefficient of friction at the roll–scale
interface. However, the increment of the roughness is limited. Higher rolling speed
corresponding to higher strain rate of the steel has complex effect on the surface roughness
[27], but with the descaled thin oxide scale on, the surface roughness decreases with
increasing rolling speed [28]. The temperature also affects the scale roughness transfer [27].
Chang et al. [29] found that the rolling temperature is an important factor affecting the
surface roughness Ra of low carbon strip. When the amount of the outer brittle α-Fe2O3
formed above 927 °C increases, the roughness of the product will increase.
3.4. Inverse calculation of coefficient of friction
The coefficient of friction is calculated by a formula developed by Alexander [30] on the
basis of Oroman’s model. This model is described in [31-33].
d (xh)
dh
p
 2p  0
dx
dx

(1)

where p is the roll pressure, h is the strip thickness, σx is the stress in the rolling direction and
x is the distance in the direction of rolling. The sign of the frictional traction in Eq. (1)
changes from being negative to positive at the neutral point[34].

According to [35], the yield stress of the steel can be described as

   0  e aT  k1 m  k2 m
1

(2)

2
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where  is the yield stress,  0 the base yield stress,  and  the true strain and strain rate
(s-1) respectively, T the temperature in K, and a, k1, k2, m1 and m2 are constants.

In Alexander’s program, the flow stress is modified in the following form [30].

  A  (1  B ) n  (1  D) n
1

2

(3)

In which A   0  e  aT , where B, D, n1 and n2 are constants. Assuming D = B = 1000 >> 1, Eq.
(2) still complies with Eq. (2). Sufficiently, A, n1 and n2 in Eq. (3) are determined by
multiple-regression.

The hot rolling tests were carried out in the temperature range from 950-1050 ˚C. Because the
rolling speed is unchanged, the strain rate is in the range 7 - 18 s-1 that depends on rolling
reduction. In order to determine the flow stress model adapted by Alexander’s program,
compression tests were carried out for the steel B445J1M on Gleeble-3500 Hydro Wedge
testing system at the strain rate of 10 s-1. Fig. 14 shows the compressive true stress-strain
curves for the B445J1M ferritic stainless steel between 900 and 1150 °C. Decreasing the
deformation temperature leads to an increase of the flow stress of the steel. The stress-strain
curves which were for fits of Eq. (3) at different temperatures were used to calculate the
coefficient of friction in hot rolling.

14

A programme was developed according to Eq. (1) by software FORTRAN. The coefficient of
friction was adjusted to a number until the output separating rolling force is less than 1%
error with measured value. The output parameters are total rolling force, roll pressure, roll
torque per width, angle in the roll bite, nominal pressure, neutral angle in radians, and the
forward slip, defined as the relative difference in roll surface/strip exit velocity. Fig. 15 (a)
shows the relationship between the coefficient of friction and the rolling temperatures. With
same thickness and composition of the oxide scale on the steel substrate, the two pass hot
rolling which was carried out at the higher temperature exhibits lower coefficient of friction,
and with the applied emulsion, the coefficient of friction is lower than that in the dry rolling.

Many researchers presented formulas to calculate friction coefficient for hot rolling of flat
steel [36, 37]. Usually the ductility of the steel and the oxide scale increases if the
temperature is high enough, and then frictional resistance decreases. Lenard et al. [35], by
quoting Geleji’s work,

described friction coefficient as linear functions of work-piece

temperature and rolling speed depending on different roll materials. The friction coefficients
are given by:

μ=1.05−0.0005T−0.056v for steel rolls

(4)

μ=0.94−0.0005T−0.056v for double poured and cast roll

(5)

μ=0.82−0.0005T−0.056v for ground roll

(6)
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where T is the work-piece temperature in °C and v is the rolling velocity in m/s.

Emulsion possesses many favourable properties such as good lubricating ability, excellent
cooling efficiency, non-flammability, low environmental effect and low cost, therefore, it has
been widely used in hot rolling mills [38-40]. During hot rolling, the surface of the oxide
scale is made up of asperities and when two surfaces are placed in contact only the tips of the
asperities touch. Forces normal to the surface deform the asperities and they weld together at
points of contact. Forces parallel with the surfaces are resisted by the shearing strength of
these junctions. By applying oil in water emulsion on the rolls, full film or boundary
lubrication can be achieved [41-43], therefore the direct contact of metal to metal or metal to
oxides can be eliminated, and this results in reducing friction and the roll wear, which would
lead to a smaller surface roughness [26].

The oxide scale formed on B445J1M is primarily made of Cr2O3, and some spinel
(Mn,Cr)3O4 is on the top of Cr2O3. The reported hardness values of the bulk Cr2O3 were from
918 to 3008 HV [44], and the hardness of the chromite spinel is above 669 HV (Mohs 5.5). In
our study, the measured vicker hardness of the oxide scale on B445J1M is between 947 and
989 HV at room temperature. When the oxide scale is formed on carbon steel at high
temperature, the relative thickness of FeO: Fe3O4: Fe2O3 are in the ratio of roughly 95:4:1 at
1000° C [45]. The hardness of FeO, Fe3O4, and Fe2O3 are 460, 540 and 1050 HV,
respectively at room temperature [46]. Although Fe2O3 is very hard it is only a small fraction
of the whole oxide scale. Plastic deformation occurred for FeO tested above 700 °C [47]. FeO
was also found to reduce sticking in hot rolling stainless steel [48]. On B445J1M, the hard
oxide is the only composition of the oxide scale, exhibiting little plasticity at the lower
16

temperature, and is easily fragmented (Figs. 9c and 10c). Some big and extruding spinel
crystallites, as shown in Fig. 15b, will increase the possibility of scratching the roll surface,
and the lower the temperature the harder the oxide scale. Once there are more scratches on
the roll surface, the sticking will become significant because these scratches might provide
the nucleation site for the sticking particles, and the sticking particle grows more and more on
the site as the rolling processes [6]. At a higher temperature, the thicker oxide scale (Fig. 5)
and less dense of the oxide scale cracks (Fig. 4) will be beneficial to decrease the sticking.

In the study of Jin et al. [6], five different stainless steel grades were heated at 1050 °C and
the heating time is between 0 and 550 sec. The thicknesses of the oxide scale were presented
but no information about the compositions. In the case of the steel grades 445 and 446,
because of their high amount of Cr, the main composition of the oxide scale is supposed to be
Cr2O3 at 1050 °C in 550 sec. The sticking is more likely to occur when the oxide scale is thin
and hard. The less sticking behaviour of the steel 409L and 430 should be attributed to their
softer and thicker oxide scales with iron oxides as their compositions.

Spinel crystallite structure oxide always exists in the hot working of stainless steels. For
instance, ferrtic stainless steel SUS 430, the Fe-Cr spinel is located upon the steel substrate
[21]. Ferritic stainless steel B445J1M, the Mn-Cr spinel is on top of the Cr2O3 scale [2]. The
hardness of the spinel oxides was found harder than Fe3O4[49] . Cr2O3 is even harder than
Fe2O3 [50, 51]. Lundberg et al. [52] reported that the composition of the oxide is important
since the oxides have different properties. Abrasive wear may become severe when a
significant amount of Fe3O4 and Fe2O3 exist [36].The abrasive wear rate is also dependent on
the hardness of the abrading oxide particles over the area of contact between the rolls and the
17

stock, and on the load level. In our study, on the steel B445J1M, the very hard oxide scale,
consisted of Cr2O3 and Mn-Cr spinel oxide, will cause severe abrasive wear. However, if the
composition of the oxide scale change to softer iron oxides, for instance, by raising reheating
temperature and rolling at higher temperature, this sticking behaviour will be reduced.

4. Conclusions
Short time oxidation and tensile tests of the ferritic stainless steel B445J1M were carried out
in a humid air by a Gleeble-3500 Thermo-mechanical Simulator. Hot rolling tests were
carried out on a 2-high Hille 100 experimental mill.
1.

In the temperature range of 1000-1150 °C, the formation of the oxide scale on the
steel during short time oxidation is less than 2 µm, and only Cr2O3 is its composition.
Temperature has a significant influence on the thickness of the oxide scale of the
steel.

2.

On the steel the oxide scale has transverse cracks in the tensile stress at high or low
stain rate, but it adheres strongly to the steel substrate. The oxide scale formed at high
temperature exhibits less dense oxide scale cracks, and a very thin oxide scale
reappears on the exposed steel substrate.

3.

Before hot rolling, the oxide scale formed for 120 min at 1100 °C is primarily
constituted of Cr2O3, and some irregular spinels are extruded from the surface with a
crystallite structure. The main composition of the spinel is (Mn,Cr)3O4.

4.

The steel exhibits lower coefficient of friction at the higher rolling temperature. The
oxide scale is thinner, harder and more brittle at or below 1000 °C than that at 1050
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°C. The roll wear is mainly abrasive wear, which is caused by the hard oxide scale
with some coarse spinels on the top.

Acknowledgements
The authors acknowledge the Baosteel-Australia Joint Research and Development Centre
financial support for the current project under Grant number BA11017. The authors would
like to also acknowledge Baosteel, China for providing the materials used in this
investigation. The authors are grateful for the technique assistance of Gleeble 3500 from Mr.
Bob de Jong.

References
[1]

[2]

[3]
[4]

[5]
[6]
[7]
[8]

[9]

D. J. Ha, H. K. Sung, S. Lee, J. S. Lee, and Y. D. Lee, Mechanism study of sticking
occurring during hot rolling of ferritic stainless steel, Journal of the Korean Institute
of Metals and Materials.46 (2008) 707-716.
X. Cheng, Z. Jiang, D. Wei, J. Zhao, B. J. Monaghan, R. J. Longbottom, and L. Jiang,
Characteristics of oxide scale formed on ferritic stainless steels in simulated reheating
atmosphere, Surface and Coatings Technology.258 (2014) 257-267.
M. F. McGuire, Stainless steel for design engineers, ASM International, Materials
Park, OH, USA, 2008
D. J. Ha, H. K. Sung, S. Lee, J. S. Lee, and Y. D. Lee, Analysis and prevention of
sticking occurring during hot rolling of ferritic stainless steel, Materials Science and
Engineering: A.507 (2009) 66-73.
N. Shimotomai, H. Ihara, and H. Nanao, A study of hot rolling oil with calcium
carbonate for stainless steel process, Tribology Online.3 (2010) 181-186.
W. Jin, J. Y. Choi, and Y. Y. Lee, Nucleation and growth process of sticking particles
in ferritic stainless steel, Isij International.40 (2000) 789-793.
W. Jin, J. Y. Choi, and Y. Y. Lee, Effect of roll and rolling temperatures on sticking
behavior of ferritic stainless steels, Isij International.38 (1998) 739-743.
D. J. Ha, H. K. Sung, S. Lee, J. S. Lee, and Y. D. Lee, Analysis and prevention of
sticking occurring during hot rolling of ferritic stainless steel, Materials Science and
Engineering: A.507 (2009) 66-73.
D. Ha, Y. Kim, J. Lee, Y. Lee, and S. Lee, Effects of alloying elements on sticking
behavior occurring during hot rolling of modified ferritic sts430j1l stainless steels,
Metallurgical and Materials Transactions A.40 (2009) 1080-1089.
19

[10]
[11]

[12]

[13]

[14]
[15]
[16]
[17]
[18]
[19]

[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]

H. Echsler, S. Ito, and M. Schutze, Mechanical properties of oxide scales on mild
steel at 800 to 1000 c, Oxidation of Metals.60 (2003) 241-269.
Y. Yu and J. G. Lenard, Estimating the resistance to deformation of the layer of scale
during hot rolling of carbon steel strips, Journal of Materials Processing
Technology.121 (2002) 60-68.
R. Chen and W. Y. D. Yuen, Short-time oxidation behavior of low-carbon, lowsilicon steel in air at 850–1,180 °c––i: Oxidation kinetics, Oxidation of Metals.70
(2008) 39-68.
M. Krzyzanowski, J. H. Beynon, and D. C. J. Farrugia. (2010). Oxide scale behavior
in
high
temperature
metal
processing
(1
ed.).
Available:
http://UOW.eblib.com/patron/FullRecord.aspx?p=530452
M. Krzyzanowski and J. H. Beynon, The tensile failure of mild steel oxide under hot
rolling conditions, Steel Research International.70 (1999) 22-27.
H. R. Le, M. P. F. Sutcliffe, P. Z. Wang, and G. T. Burstein, Surface oxide fracture in
cold aluminium rolling, Acta materialia.52 (2004) 911-920.
R. Y. Chen, Examination of oxide scales of hot rolled steel products, Isij
International.45 (2005) 52-59.
M. M. Nagl, W. T. Evans, D. J. Hall, and S. R. J. Saunders, An in-situ investigation of
the tensile failure of oxide scales, Oxidation of metals.42 (1994) 431-449.
J. Pelleg, Mechanical properties of ceramics, Springer, 2014
R. Pettersson, L. Liu, and J. Sund, Cyclic oxidation performance of silicon-alloyed
stainless steels in dry and moist air, Corrosion Engineering, Science, and
Technology.40 (2005) 211-216.
R. N. Durham, B. Gleeson, and D. J. Young, Factors affecting chromium carbide
precipitate dissolution during alloy oxidation, Oxidation of Metals.50 (1998) 139-165.
X. Cheng, Z. Jiang, D. Wei, J. Zhao, B. J. Monaghan, R. J. Longbottom, and L. Jiang,
High temperature oxidation behaviour of ferritic stainless steel sus 430 in humid air,
Met. Mater. Int.21 (2015) 251-259.
X. Cheng, Z. Jiang, D. Wei, L. Hao, J. Zhao, and L. Jiang, Oxide scale
characterization of ferritic stainless steel and its deformation and friction in hot
rolling, Tribology International.84 (2015) 61-70.
Z. Yang, G. Xia, P. Singh, and J. W. Stevenson, Effects of water vapor on oxidation
behavior of ferritic stainless steels under solid oxide fuel cell interconnect exposure
conditions, Solid State Ionics.176 (2005) 1495-1503.
H. Utsunomiya, K. Hara, R. Matsumoto, and A. Azushima, Formation mechanism of
surface scale defects in hot rolling process, CIRP Annals - Manufacturing
Technology.63 (2014) 261-264.
W. Sun, A. K. Tieu, Z. Jiang, and C. Lu, High temperature oxide scale characteristics
of low carbon steel in hot rolling, Journal of Materials Processing Technology.155–
156 (2004) 1307-1312.
Z. Y. Jiang, A. K. Tieu, W. H. Sun, J. N. Tang, and D. B. Wei, Characterisation of
thin oxide scale and its surface roughness in hot metal rolling, Materials Science and
Engineering: A.435–436 (2006) 434-438.
Z. Y. Jiang, J. Tang, W. Sun, A. K. Tieu, and D. Wei, Analysis of tribological feature
of the oxide scale in hot strip rolling, Tribology International.43 (2010) 1339-1345.

20

[28]

[29]

[30]
[31]

[32]

[33]

[34]
[35]
[36]
[37]
[38]
[39]
[40]

[41]

[42]

[43]

[44]
[45]
[46]
[47]

W. Sun, A study on the characteristics of oxide scale in hot rolling of steel, Doctor of
Philosophy, School of Mechanical, Materials and Mechatronic Engineering
University of Wollongong, Wollongong, 2005.
Y.-N. Chang, S.-N. Lin, H.-Y. Liou, C.-W. Chang, C.-C. Wu, and Y.-C. Wang,
Improving the surface roughness of pickled steel strip by control of rolling
temperature, Journal of Materials Engineering and Performance.22 (2013) 322-329.
J. M. Alexander, R. C. Brewer, and G. W. Rowe, Manufacturing technology, Halsted
Press, New York, 1987
D. B. Wei, J. X. Huang, A. W. Zhang, Z. Y. Jiang, A.K.Tieu, X. Shi, S. H. Jiao, and
X. Y. Qu, Study on the oxidation of stainless steels 304 and 304l in humid air and the
friction during hot rolling, Wear.267 (2009) 1741-1745.
D. B. Wei, J. X. Huang, A. W. Zhang, Z.Y.Jiang, A.K.Tieu, X.Shi, and S. H. Jiao,
The effect of oxide scale of stainless steels on friction and surface roughness in hot
rolling, Wear.271 (2011) 2417-2425.
X. Cheng, Z. Jiang, and D. Wei, Effects of oxide scale on hot rolling of an austenitic
stainless steel, International journal of surface science and engineering.8 (2014) 173187.
J. G. Lenard, Primer on flat rolling, 1 ed, Elsevier, Great Britain, 2007
J. G. Lenard, M. Pietrzyk, and L. Cser, Mathematical and physical simulation of the
properties of hot rolled product, Elsevier, Oxiford, 1999
W. L. Roberts, Hot rolling of steel, Marcel Dekker Inc., New York, USA, 1983
V. B. Ginzburg, Steel-rolling technology: Theory and practice, Marcel Dekker, Inc ,
270 Madison Ave , New York, New York 10016, USA, 1989
J. G. Lenard, "Mathematical and physical modelling of the flat rolling process," in
Primer on flat rolling, ed Oxford: Elsevier Science Ltd, 2007, pp. 36-98.
T. Mang and W. Dresel, Lubricants and lubrication, second ed, Wiley-VCH,
Germany, 2007
X. G. Hu, Y. R. Wang, and H. F. Jing, Application of oil-in-water emulsion in hot
rolling process of brass sheet, Industrial Lubrication and Tribology.62 (2010) 224231.
A. Azushima, W. D. Xue, and Y. Yoshida, Influence of lubricant factors on
coefficient of friction and clarification of lubrication mechanism in hot rolling, Tetsu
to Hagane-Journal of the Iron and Steel Institute of Japan.93 (2007) 681-686.
A. Azushima, W. D. Xue, and Y. Yoshida, Lubrication mechanism in hot rolling by
newly developed simulation testing machine, Cirp Annals-Manufacturing
Technology.56 (2007) 297-300.
A. Azushima, W. D. Xue, and K. Aoki, New evaluation method for lubricity of hotrolling oil using srv test machine, Journal of Japanese Society of Tribologists.51
(2006) 532-538.
B. Bhushan and B. K. Gupta, Handbook of tribology: Materials, coatings, and surface
treatments, Krieger Publishing Company, 1997
N. Birks, G. H. Meier, and F. S. Pettit, High-temperature oxidation of metals, 2nd ed,
Cambridge University Press, Cambridge, 2005
L.H.S.Luong and T. Heijkoop, The influence of scale on friction in hot metal
working, Wear.71 (1981) 93-102.
Y. Hidaka, T. Anraku, and N. Otsuka, Tensile deformation of iron oxides at 600–
1250°c, Oxidation of Metals.58 (2002) 469-485.
21

[48]

[49]

[50]
[51]
[52]

S. Iida and Y. Hidaka, Influence of the iron oxide layer on lubricating properties in
seamless pipe hot rolling, Tetsu to Hagane-Journal of the Iron and Steel Institute of
Japan.94 (2008) 244-250.
T. Amano, M. Okazaki, Y. Takezawa, and A. Shiino, Hardness of oxide scales on fesi alloys at room- and high-temperatures, Materials science forum.522-523 (2006)
469-476.
G. C. Wood and T. Hodgkiess, The hardness of oxides at ambient temperatures,
Materials and Corrosion.23 (1972) 766-773.
L. F. Chekhomova, Abrasive properties of modified chromia, Inorganic Materials.37
(2001) 274-280.
S.-E. Lundberg and T. Gustafsson, The influence of rolling temperature on roll wear,
investigated in a new high temperature test rig, Journal of Materials Processing
Technology.42 (1994) 239-291.

22

Table Captions:
Table 1 Chemical composition (wt. %) of the ferritic stainless steel B445J1M.
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Figure Captions:
Fig. 1 The surface feature of HSS roll after the sticking occurs
Fig. 2(a) Specimen for short time oxidation and tensile test (b) specimen for hot rolling test
Fig. 3 The set-up of Gleeble-3500 thermo-mechanical simulator system and the thermo-cycle
diagram for oxidation and tensile tests
Fig. 4 Micrographs showing micro-cracks on the specimen surface (a1) 1000 ºC, 𝜀̇=0.2 s-1,
(a2) 1000 ºC, 𝜀̇=4 s-1, (b1) 1050 ºC, 𝜀̇ =0.2 s-1, (b2) 1050 ºC, 𝜀̇=4 s-1, (c1) 1100 ºC, 𝜀̇=0.2 s-1,
(c2) 1100 ºC, 𝜀̇=4 s-1. (d1) 1150 ºC, 𝜀̇=0.2 s-1, (d2) 1150 ºC, 𝜀̇=4 s-1
Fig. 5 The oxide scale thickness after short time isothermal oxidation at 1000 -1150 ºC, in air
with 18% water vapour
Fig. 6 Micrographs of the cross section of the oxide scale, after the oxidation and tensile tests
at 𝜀̇=4 s-1. (a) 1000 ºC (b) 1050 ºC (c) 1100 ºC and (d) 1150 ºC
Fig. 7 Surface features of the B445J1M steel oxidised for 120 min at 1100 ºC: (a) micrograph
of the surface of the oxide scale, (b) XRD pattern of the oxide scale, (c) 3D topographic
image of the oxide scale, and (d) the enlarged micrograph in (c)
Fig. 8 EDS element maps of the cross section of the B445J1M steel oxidised for 120 min at
1100 °C.
Fig. 9 Deformed oxide scale surface micrographs: (a) first pass; rolled at 1050 ºC (b) second
pass; rolled at 1000 ºC (c) first pass; rolled at 950 ºC (d) second pass; rolled at 900 ºC
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Fig. 10 Cross section of the oxide scale. Left: SEM micrograph of the fractured oxide scales
before rolling (a) first pass; rolled at 1050 ºC (b) second pass; rolled at 1000 ºC (c) first pass;
rolled at 950 ºC (d) second pass; rolled at 900 ºC
Fig. 11 Deformed oxide scale micrographs after the emulsion was applied to the rolls: (a) and
(c) first pass; rolled at 1050 ºC (b) and (d) second pass; rolled at 1000 ºC
Fig. 12 Oxide scale thicknesses before and after hot rolling
Fig. 13 The relationship between surface roughness and rolling temperature and rolling pass.
(a) Ra (b) Ry and (c) Rpc
Fig. 14 True σ-𝜀 curve of the steel at the strain rate of 10 s-1
Fig. 15(a) Coefficient of friction at different rolling conditions, and (b) schematic plot of hot
rolling the steel B445J1M
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Fig. 1 The surface feature of HSS roll after the sticking occurs
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Fig. 2(a) Specimen for short time oxidation and tensile test (b) specimen for hot rolling test
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Fig. 3 The set-up of Gleeble-3500 thermo-mechanical simulator system and the thermo-cycle
diagram for oxidation and tensile tests

28

Fig. 4 Micrographs showing micro-cracks on the specimen surface (a1) 1000 ºC, 𝜀̇=0.2 s-1,
(a2) 1000 ºC, 𝜀̇=4 s-1, (b1) 1050 ºC, 𝜀̇ =0.2 s-1, (b2) 1050 ºC, 𝜀̇=4 s-1, (c1) 1100 ºC, 𝜀̇=0.2 s-1,
(c2) 1100 ºC, 𝜀̇=4 s-1. (d1) 1150 ºC, 𝜀̇=0.2 s-1, (d2) 1150 ºC, 𝜀̇=4 s-1.
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Fig. 5 The oxide scale thickness after short time isothermal oxidation at 1000 -1150 ºC, in air
with 18% water vapour

30

Fig. 6 Micrographs of the cross section of the oxide scale, after the oxidation and tensile tests
at 𝜀̇=4 s-1. (a) 1000 ºC (b) 1050 ºC (c) 1100 ºC and (d) 1150 ºC.
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Fig. 7 Surface features of the B445J1M steel oxidised for 120 min at 1100 ºC: (a) micrograph
of the surface of the oxide scale, (b) XRD pattern of the oxide scale, (c) 3D topographic
image of the oxide scale, and (d) the enlarged micrograph in (c).
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Fig. 8 EDS element maps of the cross section of the B445J1M steel oxidised for 120 min at
1100 °C.
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Fig. 9 Deformed oxide scale surface micrographs: (a) first pass; rolled at 1050 ºC (b) second
pass; rolled at 1000 ºC (c) first pass; rolled at 950 ºC (d) second pass; rolled at 900 ºC

34

Fig. 10 Cross section of the oxide scale. Left: SEM micrograph of the fractured oxide scales
before rolling (a) first pass; rolled at 1050 ºC (b) second pass; rolled at 1000 ºC (c) first pass;
rolled at 950 ºC (d) second pass; rolled at 900 ºC
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Fig. 11 Deformed oxide scale micrographs after the emulsion was applied to the rolls: (a) and
(c) first pass; rolled at 1050 ºC (b) and (d) second pass; rolled at 1000 ºC
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Fig. 12 Oxide scale thicknesses before and after hot rolling
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Fig. 13 The relationship between surface roughness and rolling temperature and rolling pass.
(a) Ra (b) Ry and (c) Rpc

38

Fig. 14 True σ-𝜀 curve of the steel at the strain rate of 10 s-1
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Fig. 15(a) Coefficient of friction at different rolling conditions, and (b) schematic plot of hot
rolling the steel B445J1M
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Table 1 Chemical composition (wt. %) of the ferritic stainless steel B445J1M.

B445J1M

C

Si

Mn

P

Cr

Cu

Mo

Ti

Nb

≤0.01

0.30

0.15

0.03

21.50

0.10

0.60

≤0.20

0.12
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